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TECHNICAL REPORT

INTRODUCTION

The purpose of this investigation was to develop an improved

fundamental understanding of how transferred arc plasmas interact

with melts of metallurgical interest. The main practical motiva-

tion for this work is provided by the fact that plasma arc remelt-

ing (PAR) is a potentially attractive technology for secondary

processing of superalloys or high-quality steels; however, at

present little is known of the actual mechanism of melting upon

the interaction between the plasma jet and consumable electrode,

or the interaction of the plasma jet and the molten metal pool.

A better understanding of these phenomena could well lead to

an improved processing technology.

THE RESEARCH

The work to be described in this report involved both

mathematical modelling and experimentation.

Mathematical Modelling

The mathematical modelling work had three main components:

-3-

• • • • • • +,• • . . . . . .- . t" tt tIttt% ' % % ,% "



(1) A mathematical model was developed to represent the electro-

magnetic force field, the velocity field and the temperature

field in a typical welding arc, which is one important mani-

festation of transferred arc systems. This work (described

in detail in Appendix 1) was undertaken because measurements

do exist concerning these systems; thus there is an immediate

basis for the testing of theoretical predictions.

In the statement of the model, allowance was made for

the solution of the coupled Maxwell's equations, the Navier-

Stokes equations and the differential thermal energy balance

equation. The solution required an iterative procedure invol-

ving several nesting loops, because of the strong dependence

of the electric conductivity of the plasma on the temperature

(i.e. the degree of ionization).

As a result of this work, predictions could be made re-

garding the temperature, velocity and electromagnetic force

fields in typical welding arcs, with currents ranging from

100-200 Amperes, and with arc lengths of the order of 10 am.

The theoretical predictions were found to be in good agree-

ment with several independent sets of measurements. More

specifically, the predicted temperature profiles agreed well

with measurements reported by Pfender, while the predicted

current and heat flux distribution on the anode surface
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agreed well with data reported by Nestor and Eagar. For

detailed references, see Appendix 1.

(2) The second component of the mathematical modelling work was

to represent the electromagnetic force field, and the plasma

velocity and temperature field in a transferred arc plasma

produced by a DC plasma torch. While there were some simi-

larities between these two modelling efforts, significant

differences included the following:

(i) Both the current and the gas velocities were much

higher.

(ii) The gas flow was turbulent.

(iii) The system was confined, so there was recirculating

flow.

The theoretical predictions in this case required that

the turbulent Navier-Stokes equations be employed.

Here again, predictions were made regarding the electro-

magnetic force field, the velocity field and the temperature

field within the plasma jet.

(3) The third component of the mathematical modelling effort

concerned the prediction of the interaction of the plasma

jet with an initially solid, hemispherical steel block.

Here the approach taken involved postulating a specified,

previously calculated heat flux falling on the solid surface



and the associated transient heat conduction and melting. In

this analysis allowance was made for convection in the melt

pool, by assigning an effective thermal conductivity to the

molten phase. The net output of these calculations was a

prediction regarding the time-dependent melt solid interface

within the steel block, together with associated transient

temperature profiles.

Experimental Work

The experimental work involved measuring the temperature

profiles into a hemispherical steel block onto the surface of

which a plasma jet was made to impinge. These temperature

measurements were carried out using thermocouples embedded in the

block. In order to carry out these measurements, an apparatus

has been constructed, consisting of a transferred arc plasma jet

with a nominal power of 30 kW, encased in a reaction chamber

which also contained the steel block to be melted. The actual

measurements, taken in the course of a given run, included the

power input into the plasma (current and voltage), the gas flow

rate, the cooling water flow rate and the distance between the

plasma jet and the surface of the melting block. These measure-

ments, details of which are presented in Appendix 2, enabled us

to test the theoretical predictions. The agreement between
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J ' ~ . % % **.%%*



measurements and predictions was quite good regarding both the

absolute values of the melting rates and the temperature tra-

jectories at various locations within the system, and the effect

of process variables, such as the power input and the gas flow

rate, on the melting rate.

General Significance of the Project

The significance of the project is that we have been able to

develop a quantitative representation as to how a plasma jet

would interact with a melting metal block when the system is

operated in a transferred arc mode. Theoretical predictions were

found to be in excellent agreement with measurements. Thus we

have a sound basis for modelling conventional PAR systems, and

can have confidence in our ability to describe pool profiles and

velocity fields in the molten metal pool, and hence be able to

relate the phenomena to the structure of the materials produced.

Perhaps a greater potential significance of the work is that

the fundamental understanding thus produced may be used to develop

novel plasma remelting operations such that the pool size may be

carefully controlled. Segregation may thus be minimized.
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